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Figure 1. Y-maze percent alternation as a measure of cognitive function over 12 weeks of intranasal GHK-Cu treatment.
Cognitive performance was evaluated relative to the 50% threshold. A) A higher alternation percentage was observed for
female transgenic mice treated with intranasal GHK-Cu compared to transgenic females treated with intranasal saline at
weeks 8 and 12. B) A similar pattern was observed for male transgenic mice treated with intranasal GHK-Cu compared to
mice receiving intranasal saline at weeks 8 and 12. ** p<0.01. N= 10-12/cohort. Transgenic = 5xFAD.

Box maze results after 12 weeks, when mice were 7 months of age, showed that transgenic mice
treated with intranasal GHK-Cu had reduced escape latencies compared to transgenic mice treated
with intranasal saline, reflecting decreased escape times over three trials and indicating improved
learning capacity (Figure 2A and B). The effectiveness of intranasal GHK-Cu was seen equally in males
and females and learning capacity was similar to that seen in non-transgenic (wild type) cohorts with
or without intranasal GHK-Cu peptide.
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Figure 2. Transgenic 5xFAD mice treated with intranasal GHK-Cu for 12 weeks had faster escape times in the Box maze
spatial navigation learning task. A decrease in escape latency, indicating faster escape time, was observed in female (A)
and male (B) transgenic mice treated with intranasal GHK-Cu compared to transgenic mice given intranasal saline at trials 2
and 3, similar to both non-transgenic wild type cohorts. p<0.01. N= 10-12/cohort. Transgenic= 5xFAD.

Intranasal GHK-Cu peptide attenuated features of neuropathology in 5xFAD mice.

The 5xFAD mouse genotype is characterized by the onset of amyloid plagues at 3 to 4 months of
age, which progress to substantial and densely concentrated lesions in the brain (Oakley et al., 2006).
Using a Congo Red stain, transgenic mice treated with intranasal GHK-Cu exhibited a significant
reduction in amyloid plagques compared to transgenic mice treated with intranasal saline, irrespective
of sex (Figure 3). Both male and female transgenic 5xFAD mice displayed the development of amyloid
plaques in frontal cortex and hippocampus. Among the transgenic cohorts, those treated with
intranasal GHK-Cu had significantly fewer detectable plaques in comparison to those receiving
intranasal saline. Visual observation suggested a pattern where the plaques in saline-treated mice
were generally larger and more densely stained compared to the plaques in GHK-Cu-treated cohorts
(Figure 4). Wild-type (control) littermates did not display any amyloid plaques, consistent with their
genotype.

Total no. Plaques

Figure 3. Amyloid plaques were reduced in the frontal cortex of 5xFAD mice following intranasal treatment with GHK-Cu.
Quantitative visual count analysis of Congo Red-stained frontal cortex sections from both male and female mice showed a
reduction in amyloid plaques in intranasal GHK-Cu-treated transgenic mice compared to intranasal saline-treated transgenic
mice. *p<0.15; **p<0.05. N= 10-12/cohort. Transgenic = 5xFAD.
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Figure 4. Representative Congo Red staining of frontal cortex sections from A) female transgenic mouse treated with
intranasal saline or B) Female transgenic mouse treated with intranasal GHK-Cu. Transgenic = 5xFAD. Magnification 20X.

MCP-1 staining using IHC was conducted in the frontal cortex and the hippocampus. Results
showed that both male and female transgenic 5xFAD mice that received intranasal GHK-Cu had
decreased staining intensity for MCP-1 in both brain areas (Figure 5) indicating reduced
neuroinflammation levels compared to transgenic mice treated with intranasal saline. Representative
heat maps of frontal cortex visually show the respective staining intensity in female transgenic mice
treated with intranasal saline or GHK-Cu (Figure 6A and B), compared to female wild type mice treated
with intranasal saline or GHK-Cu (Figure 6C and D). It can be seen that visual staining intensity aligned
with the quantitative values presented in Figures 4 and 5, and that 5xFAD mice treated with intranasal
GHK-Cu had reduced levels of MCP-1 similar to wild type controls.
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Figure 5. MCP-1 optical stain density in frontal cortex and hippocampus. A) Transgenic male and female mice treated with
GHK-Cu displayed reduced optical stain density in the frontal lobe when compared to saline-treated cohorts.

B) Transgenic male and female mice treated with GHK-Cu also exhibited lower optical stain density in the hippocampusin
comparison to saline-treated counterparts. **p<0.05, *p<0.01. N= 6-10/cohort. Transgenic = 5xFAD.
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Figure 6. Q-Path generated heat map of an MCP-1 immunohistochemistry stain of frontal cortex from female mice after
12 weeks of treatment. A) Transgenic mouse treated with intranasal saline. B) Transgenic mouse treated with intranasal
GHK-Cu. C) Wild type mouse treated with intranasal saline. D) Wild type mouse treated with intranasal GHK-Cu. The heat
map legend indicates blue as low intensity staining all the way up to red as high intensity staining. Transgenic = 5xFAD; wild
type = nontransgenic (age, strain, and sex matched controls).

Discussion

This study showed that transgenic 5xFAD mice of both sexes exhibited improved cognitive
performance after only 8 weeks of intranasal GHK-Cu treatment, compared to intranasal saline treated
transgenic mice. This pattern continued through the 12-week treatment duration, corresponding to
when the mice were 7 months old. Notably, cognitive improvement was coupled with a concurrent
reduction in amyloid plaques and neuroinflammation in GHK-Cu-treated transgenic mice compared to
saline-treated cohorts. Intranasal GHK-Cu treatment was therefore able to improve cognitive
performance and reduce neuroinflammation levels to those of non-transgenic mice and significantly
reduce the number of amyloid plaques.

Specifically, in the Y-maze spatial alternation test, GHK-Cu-treated transgenic mice of both sexes
exhibited more spontaneous alternations, indicative of rescued working memory and prefrontal
cortical functions (Kraeuter et al., 2018). Similar levels of spontaneous alternations were observed in
both sexes of GHK-Cu-treated mice compared to other studies involving AD-related drug intervention
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(Caietal., 2019; Jo et al., 2022; Morello et al., 2018). In the Box Maze task, GHK-Cu-treated 5xFAD mice
of both sexes displayed decreased escape latencies, consistent with other reports on AD-related drug
interventions (Mukherjee et al., 2019). However, evidence supporting the long-term effects of
intranasal GHK-Cu on cognitive performance of 5xFAD mice is limited (Sosna et al., 2018; Morello et al.,
2018), emphasizing the need for additional studies.

The accumulation of amyloid plaques is a pivotal factor associated with subsequent neuronal
toxicity in AD pathogenesis, eventually leading to destruction of synaptic structures and severe
cognitive deficits (Zhu et al., 2024). Our study revealed that GHK-Cu treated 5xFAD mice exhibited
superior cognitive performance compared to saline-treated cohorts while also demonstrating a
reduction in amyloid plaques in the frontal cortex and hippocampus. While the rescued cognitive
abilities in GHK-Cu treated 5xFAD mice may be linked to diminished amyloid plaque formation, the
extent of associated neurodegeneration in AD progression was not evaluated. Further investigations
targeting this disparity are warranted based on a study protocol designed to assess neurodegeneration
and neuronal loss specifically in 5XxFAD mice approaching one year of age (Zhang et al., 2021).

Given that chemokine upregulation can result in chronic inflammation associated with onset and
progression of age-related neurodegenerative diseases such as AD, our study employed MCP-1 staining
in the frontal cortex and the hippocampus to assess the extent of possible inflammatory reactivity to
amyloid plaques and microglial activity (Singh et al., 2021; Chen et al., 2016; Ishizuka et al., 1997). Our
results demonstrated a notable decrease in MCP-1 staining intensity in both brain regions in 5xFAD
mice that received intranasal GHK-Cu compared to saline-treated cohorts. The observed decrease in
MCP-1 staining intensity suggests that intranasal administration of GHK-Cu in transgenic 5xFAD mice
had a reducing effect on the AD-induced inflammatory phenotype and could serve as a reliable
prototype to study drugs that slow or stop progression of AD (Sokolova et al., 2009).

The intranasal administration of GHK-Cu represents a novel approach aimed at overcoming the
challenge of bypassing the blood-brain barrier, a common hurdle in traditional targeted
neurotherapeutics (Ballabh et al., 2004; Hur et al., 2020; Ugurlu et al., 2011). By leveraging the
olfactory epithelium and its associated neural pathways, this method capitalizes on the large surface
area, efficient blood flow, and neural connections of the nasal mucosa to provide a relatively non-
invasive approach towards efficient peptide delivery into the brain (Tulbah et al., 2023; Elkomy et al.,
2023; Eissa et al., 2022; Elkomy et al., 2022; Abo El-Enin et al., 2022; Eid et al., 2019). The selection of a
three-times-weekly administration schedule accounted for preventing adverse effects of daily
anesthesia, and potential localized irritation and toxicity within the nasal mucosa (Tulbah et al., 2023;
Elsenosy et al., 2020). While systemic toxicity of copper ions was carefully addressed, a comprehensive
assessment of inflammation and inflammatory cell infiltration of the nasal epithelium in future studies
would further validate the safety and non-toxicity of intranasal GHK-Cu administration.

The selection of the transgenic 5xFAD mouse model in our study was based on its ability to
recapitulate an AD-like phenotype achieved through the expression of APP and PSEN1 transgenes
(Brody et al., 2017; Youkin, 1998). Characterized by the onset of amyloid plaques at 3 to 4 months of
age, and followed by cognitive impairment (Oakley et al., 2006), the 5xFAD mouse genotype validated
these traits in our study. Among the transgenic cohorts, those treated intranasally with GHK-Cu
exhibited improved cognitive performance and fewer, smaller, and less densely stained plaques
compared to intranasal saline-treated cohorts. These observations provide the rationale to test
intranasal GHK-Cu in an aging mouse model of AD, since AD is an age-related disease. An example is
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the induction of AD in aging mice using an AAV vector containing sequences of AB42 and mutant tau
(Darvas et al., 2019).

In conclusion, this study demonstrates the positive therapeutic effect of intranasal GHK-Cu in
transgenic 5xFAD mice, a widely used model for AD. Cognitive improvement was observed after 8
weeks of treatment, sustained through a 12-week study period, and accompanied by a concurrent
reduction in amyloid plaques and neuroinflammation compared to intranasal saline-treated transgenic
mice. Behavioral tests, including the Y-maze working memory task and the Box Maze spatial learning
task, helped provide evidence that intranasal GHK-Cu treatment can enhance cognitive performance in
a mouse model of AD. The intranasal delivery method allowed a non-invasive approach to efficient
drug delivery. These findings suggest that intranasal GHK-Cu has the potential to attenuate features of
AD, including cognitive decline, amyloid plaque accumulation, and neuroinflammation, and provides
the rationale for further studies.
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